Maturity-onset diabetes of the young (MODY)
2 is a familial form of non-insulin-dependent diabetes with autosomal dominant inheritance (1) . Most forms of MODY are caused by decreased expression of functional transcription factors leading to a decrease in beta cell mass and islet architecture (2) . Inactivating mutations in the transcription factor hepatocyte nuclear factor (HNF) 1A cause HNF1A-MODY (3), the most common monogenic form of diabetes (4) . Pancreatic beta cell dysfunction is a hallmark feature of the pathogenesis of HNF1A-MODY and type 2 diabetes (5-7). The control of pancreatic differentiation by extracellular signaling molecules and growth factors during development is an area of intensive research (8) . However, our knowledge on the role of extracellular signaling molecules or growth factors in the pathogenesis of HNF1A-MODY or type 2 diabetes is currently limited.
Cytokines of the transforming growth factor-␤ (TGF-␤) superfamily, which includes the TGF-␤ isoforms, activins, and the bone morphogenetic proteins (BMPs), regulate gene expression in diverse cell types and are involved in numerous processes including lineage determination, tissue differentiation, cell proliferation, and apoptosis (9 -11) . TGF-␤/activin and BMP signaling have been shown to play a critical role in pancreatic development (12) (13) (14) . Using an unbiased transcriptomics approach in INS-1 cells inducibly expressing the common human hot spot HNF1A frameshift mutation, Pro291fsinsC-HNF1A, we demonstrate here that HNF1A controls the expression of the TGF-␤ superfamily member, BMP-3. We further demonstrate a role for BMP-3 in the control of insulin expression with potential implications for HNF1A-MODY pathophysiology.
frameshift mutant Pro291fsinsC-HNF1A, carrying a C nucleotide insertion in a poly(C) tract mutation hot spot, or a dominant negative mutant of HNF1A (DN-HNF1A/SM6) all under the control of a doxycycline-dependent transcriptional activator have been described previously (15) (16) (17) . Cells were cultured in RPMI 1640 medium at 6 mM glucose supplemented with 10% fetal bovine serum (FBS) (PAA, Cölbe, Germany), 2 mM L-glutamine, 1 mM pyruvate, penicillin (100 units/ml), streptomycin (100 g/ml), 10 mM HEPES (pH 7.4), and 50 M 2-mercaptoethanol (Sigma) (18) . For treatments with recombinant BMP-3 (rBMP-3), cells were cultured in 2% serum overnight and then treated with vehicle or 500 ng/ml doxycycline and 10 ng/ml rBMP-3 protein made up in 0.1% bovine serum albumin (BSA) (R&D Systems Europe Ltd.) in 0.05% serum-containing medium for 24 h.
Preparation . The abdominal cavity was opened, and warm (37°C) low gelling temperature agarose (2% w/v, Seaplaque GTG-agarose, BMA Products, Augst, Switzerland) was injected into the distally (duodenal side) clamped bile duct. Prior to the injection a ligature was performed at the height of the hepatic bifurcation of the bile duct to prevent the injected agarose from flowing backward toward the liver. During slicing and after the preparation, the tissue was kept in an ice-cold extracellular solution (125 mM NaCl, 2.5 mM KCl, 26 mM NaHCO 3 , 1.25 mM Na 2 HPO 4 , 2 mM sodium pyruvate, 0.25 mM ascorbic acid, 3 mM myo-inositol, 6 mM lactic acid, 1 mM MgCl 2 , 2 mM CaCl 2 , and 3 mM glucose) adjusted to pH 7.3 by gassing with carbogen (95% O 2 , 5% CO 2 ). The injected and hardened pancreas was then extracted, placed in ice-cold extracellular solution, and, if necessary, supported with subcapsular injections of agarose. A small cube was cut from the agarose-embedded pancreatic tissue and glued (Super Glue; ND Industries, Troy, MI) onto the sample block of the vibratome (Intracel Vibratome 1500, Herts, UK). The tissue was sliced at a speed of 0.05 mm s Ϫ1 and 75 Hz into 140-mthick slices of 1 ϫ 1 cm. During slicing and for storage the tissue slices were kept in ice cold extracellular solution and were gassed continuously with carbogen. Slices were then placed on the air-medium interface of Millicell semiporous membranes (pore size of 0.4 m; Millipore) and incubated at 37°C with 5% CO 2 . Slices were left to recover in RPMI 1640 medium at 6 mM glucose (as above) for at least 24 h in the incubator before treatment. For experiments with BMP-3, cells were cultured in 2% serum overnight and then treated with either vehicle or 50 ng/ml rBMP-3 protein made up in 0.1% BSA (R&D Systems Europe Ltd.) in 0.05% serum-enriched media for 24 h.
Real-time Absolute RT-PCR-For the assessment of Hnf1a expression by real-time quantitative PCR (qPCR) using absolute copy numbers, an Hnf1a gene-specific PCR amplicon was prepared as a standard. The calibration curve was created by plotting the threshold cycle corresponding to each standard versus their corresponding log number of Hnf1a standard (expressed as cDNA copy number of the Hnf1a gene). Normalization was carried out using total RNA values (19) .
Microarray Analyses-Total RNA of INS-1 insulinoma cells overexpressing the Pro291fsinsC-HNF1A mutant for 24 h versus non-induced controls was extracted using the RNeasy Midi kit (Qiagen) and reverse transcribed to cDNA using the Superscript Choice kit (Invitrogen) with 20 -40 g of total RNA as template. The cRNA was prepared and biotin-labeled by in vitro transcription (Enzo Biochemical, Farmingdale, NY) and subsequently fragmented by incubation at 94°C for 35 min in the presence of fragmentation buffer (40 mM Tris acetate (pH 8.1), 100 mM potassium acetate, and 30 mM magnesium acetate). Fifteen micrograms of fragmented cRNA was hybridized for 16 h at 45°C to a rat U34A array (Affymetrix, Santa Clara, CA), and the gene chips were automatically washed and stained with streptavidin-phycoerythrin by using a fluidics station. Finally, probe arrays were scanned at 3-mm resolution using the Genechip System confocal scanner (Aligent Technologies, Palo Alto, CA). The Affymetrix Microarray Suite 5.0 was used to scan and analyze the relative abundance of each gene from the average difference of intensities. For each individual gene, the signal ratio between perfect match and mismatch probe cells was used to determine its "Absolute Call," indicating whether the corresponding transcript was present (P), absent (A), or marginal (M). For analysis of differential target gene expression, the "Difference Call Decision Matrix" was employed. Individual transcript levels were ranked as either increased (I), marginally increased (MI), decreased (D), marginally decreased (MD), or not changed (NC). To be considered as differentially regulated, the Absolute Call of individual transcripts had to be present or marginal, and the Difference Call increased/decreased or marginally increased/marginally decreased. The gene identity of the obtained expressed sequence tag sequences represented on the chips refers to the assignment given on the Affymetrix Homepage, NetAffx Analysis Center. Expressed sequence tag sequences without given gene identities were analyzed by PubMed database searches (standard nucleotide-nucleotide BLAST) (20) . The microarray experiment was performed in duplicate with the threshold for differentially expressed up-and down-regulated genes set at Ͼ1.5-fold/1.5-fold (median value of both samples) and Ͼ2.0-fold/2.0-fold in at least one of the duplicate samples. The rat RG-U34A0 microarray contains ϳ7,000 full-length sequences and ϳ1,000 expressed sequence tags clusters. The data were subsequently imported into dCHIP software.
Real-time qPCR-Expression patterns of L-type pyruvate kinase, transmembrane protein27 (Tmem27), Bmp-3, Bmp-4, and insulin gene mRNA were examined using qPCR. INS-1 cells were harvested from culture at the appropriate time points. Total RNA was extracted using the RNeasy Mini kit (Qiagen). First-strand cDNA synthesis was performed using 1 g of total RNA as template and Superscript II reverse transcriptase (Invitrogen) primed with 50-pmol random hexamers (New England Biolabs). Real-time qPCR was performed using the LightCycler 2.0 (Roche Diagnostics) and the QuantiTech SYBR Green PCR kit (Qiagen) according to the manufacturers' protocols and 25 pmol of gene-specific primer pair (Sigma-Genosys).
Specific PCR products (150 -250 bp in length) for each gene analyzed were designed using Primer3 software (21) . Primers were: GAGATCCCTGCGGAGAAGGT and ATTGGCCAC-ATCGCTTGTCT for L-type prk; CATCTGTGCCCGTCTG-GATT and CCAAGGGATCACAAGGGATG for Tmem27; TTACGGAAGGCCAAGCAAGA and GGGCTTCTCTGAC-GTGGCTA for Bmp-3; GCGTAGTCCCAAGCATCACC and ACAGTCCCCGTGGCAGTAGA for Bmp-4; AACAGCACC-TTTGTGGTCCT and GTGCAGCACTGATCCACAAT for Ins1; and AGCCATCCAGGCTGTGTTGT and CAGCTGT-GGTGGTGAAGCTG for ␤-actin.
Western Blotting-Cells were lysed in lysis buffer (62.5 mM Tris-Cl (pH 6.8), 2% SDS, 10% glycerin, and protease inhibitor mixture (Sigma)). Protein content was determined using the Pierce BCA Micro Protein Assay kit (Thermo Fisher Scientific). Samples were supplemented with 2-mercaptoethanol and denatured at 95°C for 5 min. 20 -50 g of protein were separated by SDS-PAGE and blotted to nitrocellulose membranes (Protean BA 85; Schleicher & Schuell). The membranes were blocked with 1% BSA in Tris-buffered saline for 2 h at room temperature. Blots were probed with the following primary antibodies: goat polyclonal antibody to HNF1A (Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1:1,000; mouse monoclonal anti-␤-actin antibody (clone DM 1A; Sigma), diluted 1:5,000; polyclonal anti-BMP-3 antibody (H-73) (Santa Cruz Biotechnology), diluted 1:1,000; polyclonal anti-insulin antibody (H-86) (Santa Cruz Biotechnology), diluted 1:1,000; monoclonal anti-phospho-SMAD2/3 (Ser 465 /Ser 467 ) (Cell Signaling Technology), diluted 1:1,000; rabbit polyclonal antiphospho-SMAD1/5/8 (Ser 463 /Ser 465 //Ser 426 /Ser 428 ), diluted 1:1,000; rabbit polyclonal anti-BMP-R2 antibody (H-300; Santa Cruz Biotechnology); and rabbit polyclonal anti-ALK-4 antibody (H-75) Santa Cruz Biotechnology), were diluted 1:1,000 in Tris-buffered saline containing 1% BSA. Antibodies were incubated overnight at 4°C. The secondary antibodies were peroxidase-coupled goat anti-rabbit IgG (Sigma) or goat anti-mouse (Jackson Immunoresearch) diluted 1:10,000 in the same buffer. Antibody-conjugated peroxidase activity was visualized using the SuperSignal chemiluminescence reagent (Pierce) and imaged using a FujiFilm LAS-3000 imaging system (Fuji, Sheffield, UK).
Transfections and Luciferase Assays-A 2-kb fragment 5Ј to exon 1 of the rat Bmp-3 gene was cloned using Kpn1 and HindIII restriction sites into the pGL3-basic vector (Promega) to generate the Bmp-3 promoter plasmid. For transfection analyzes, 10 5 /cm 2 INS-1 cells were seeded onto 6-well plates in RPMI 1640 medium 1 day prior to transfection. The cells were transfected with 4 g of BMP-3 promoter plasmid using Lipofectamine 2000 (Invitrogen). Transfected cells were induced with doxycycline for 24 h and 48 h before harvesting. Reporter activity was measured using the Dual Luciferase Reporter Assay System (Promega) and normalized to Renilla luciferase activity. Experiments were carried out in triplicate and repeated three times. Data are presented as n-fold expression of Bmp-3 promoter activity compared with non-induced controls.
Chromatin Immunoprecipitation Assay-Approximately 10 5 /cm 2 INS-1 cells were seeded onto 10-cm dishes in RPMI 1640 medium 1 day prior to treatment. The cells were induced with doxycycline for 48 h in 6 mM glucose to overexpress WT-HNF1A. Cells were harvested and resuspended in 10 ml of ice-cold PBS, and proteins and DNA were cross-linked with 1% formaldehyde for 10 min at 37°C followed by quenching with 2 mM glycine. Cells were pelleted and resuspended in 500 l of sonication buffer (1% Triton X-100, 0.1% deoxycholate, 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.1% AEBSF, 1% SDS). Cells were sonicated for 5 s on ice using a Branson Digital Sonifier 250 (Danbury, CT). Correct shearing of the DNA was confirmed on an agarose gel to ensure fragments were in the range of 200 -500 bp. Samples were added to 1 ml with sonication buffer and precleared with a 50% slurry of protein A/G-agarose (Santa Cruz Biotechnology) containing 2 g of fish sperm DNA and 1% FCS on a rotary wheel for 30 min. The beads were removed by centrifugation and the supernatant collected and incubated with 5 g of either a rabbit polyclonal anti-HNF1␣ antibody (Santa Cruz Biotechnology) or an isotype control antibody overnight on a rotary wheel at 4°C in the presence of 2 g of fish sperm DNA, 1% FCS, and 45 l of a 50% slurry of protein A/G-agarose. The beads were pelleted by centrifugation and washed sequentially with PBS, sonication buffer, TSE I buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl), TSE II buffer (same as TSE I with addition of 500 mM NaCl), TSE III buffer (0.25 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1) and followed by a final wash in PBS. The DNA including control input was extracted with 300 l of extraction buffer (1% SDS, 0.1% NaHCO 3 ) and incubated at 65°C for 4 h to reverse cross-links followed by purification using the Qiagen PCR purification kit according to the manufacturer's instructions. PCR was performed using the following primers which yielded a PCR product of 249 bp: sense, 5Ј-TAGGGCAACAAATTGTGCAG-3Ј; antisense, 5Ј-TGCTCTTTCTCGGTTGTGTG-3Ј.
Immunohistochemistry-Paraffin-embedded pancreatic sections from transgenic mice expressing a DN-HNF1A mutant under the control of rat insulin promoter DN-HNF1A and control wild-type C57BL/6JBomTac mice-were deparaffinized (22) and incubated overnight at 4°C with the rabbit polyclonal anti-BMP-3 (Santa Cruz Biotechnology) diluted 1:20). Slides were incubated for 1 h at room temperature in Alexa Fluor 568-labeled anti-rabbit secondary antibody (Molecular Probes) (1:200). Slides were incubated again overnight at 4°C with the second primary guinea pig anti-insulin antibody (DakoCytomation A0564; 1:20) followed by 1 h at room temperature in FITC labeled anti-goat secondary antibody (Jackson Immunoresearch; 1:200) and mounted in Vectashield with DAPI (Vector Shield, Vector Laboratories). Images were taken with a Zeiss LSM710 confocal microscope equipped with a 40 ϫ 1.3 NA oil immersion objective (Carl Zeiss). FITC was excited at 488 nm with an argon laser, using a 488/543-nm multichroic beam splitter; the emission was collected at a 490-to 550-nm spectral band. Rhodamine was excited at 543 nm with a helium neon laser, using the same beam splitter, and the emission was BMP-3 Controls Insulin Gene Expression JULY 22, 2011 • VOLUME 286 • NUMBER 29 collected at a 570 -650-nm spectral band. DAPI was excited using the 405-nm DPSS laser and a 405-nm dichroic beam splitter. DAPI fluorescence was detected in the 420 -480-nm spectral band. Images were processed using ImageJ software.
Digital pictures were taken of islets of Langerhans, recognized by their distinct morphology. Immunohistochemistry of mouse pancreatic slice cultures was conducted as described above. Insulin expression levels were assessed by measuring the fluorescence intensity of antibody staining in islets across the optical slices. Image z-stacks were taken using an LSM 5 live equipped with a 40 ϫ 1.3 NA oil immersion objective using a 489-nm DPSS laser for excitation of FITC (Carl Zeiss). The optical slice thickness was set to 1.8 nm; fluorescence emission was detected at 495-555 nm. Hoechst staining was assessed as a reference for nuclei. Stacks of optical slices were taken at intervals of 1 m. Resultant image stacks were analyzed using ImageJ. The mean fluorescence intensity of an islet and the intensity of the islet cells peripheral to the slice were determined. Intensity of insulin staining was calculated as the percent of average islet intensity. Data were averaged from at least three similarly treated slices, and the experiment was repeated with similar results.
Statistics-Results were expressed as means Ϯ S.E. Statistical analysis was conducted using the SPSS version15.0 software package for Windows (SPSS Inc.). Differences between treatments were analyzed by Student's t test, the Mann-Whitney U test, or one-way analysis of variance (ANOVA) with post hoc Tukey-Kramer multiple comparison test. Differences were considered to be significant at p Յ 0.05.
RESULTS

Microarray Analysis of the Transcriptional Response of Rat INS-1 Cells Inducibly Expressing the Pro291fsinsC-HNF1A
Frameshift Mutation-The time course of hnf1a gene induction in Pro291fsinsC-HNF1A INS-1 cells is represented by absolute qPCR (Fig. 1A) . Data are presented as cDNA copy number/l of the hnf1a gene expression. Data are represented as means Ϯ S.E. from n ϭ 3 cultures. The experiment was repeated three times with similar results. * p Ͻ 0.05 indicates the difference from non-induced controls.
In non-induced INS1 cells no increase in Pro291fsinsC-HNF1A gene expression in copies/l was detected. Western blot analysis confirmed the induction of Pro291fsinsC-HNF1A (Fig. 1B) . Concomitant with the induction of the Pro291fsinsC-HNF1A mutant was a significant reduction in mRNA levels of L-type pyruvate kinase gene (Fig. 1C) and Tmem27 (Fig. 1D) , both known HNF1A target genes, confirming previous results in this cellular system (17, (23) (24) (25) .
Using an unbiased microarray approach (Affymetrix GeneChip, Rat RG-U34A) to investigate transcriptome changes in INS-1 cells following induction of the mutant protein for 24 h we identified several genes with altered expression in response to Pro291fsinsC-HNF1A. Cutoff for up-regulated genes was set at 2.0-fold and 0.5-fold for down-regulated genes. Differentially expressed genes of interest were classified into distinct functional subgroups. These included metabolic regulation, signal transduction, transport activity, differentiation, inflammatory response, and regeneration of beta cells (Table 1) . Expression levels of selected genes were confirmed by real-time qPCR techniques (supplemental Fig. 1) .
Among the genes identified in this microarray study were several known target genes of HNF1A including Pklr, Foxa3, and Pdk-1, and all were found to be down-regulated in response to Pro291fsinsC-HNF1A (16, 17, 26, 27) . Foxa2, which is subject to transcriptional repression by HNF1A (28), was found to be up-regulated. Interestingly, a number of potential novel target genes regulated by HNF1A were also identified on the Rat RG-U34A microarray. In particular, we observed a significant down-regulation of the TGF-␤ superfamily member BMP-3 as well as up-regulation of Cd36 and PAP III.
Suppression of the Bmp-3 Gene and Protein Expression in INS-1 Cells Inducibly Expressing the Pro291fsinsC-HNF-1A
Frameshift Mutation-BMPs are members of the TGF-␤ superfamily, a large family of growth factors, including TGF-␤ and activins. They are critically involved in tissue differentiation and development and signal via type I and type II TGF-␤/ BMP receptors (9) . To validate the down-regulation of Bmp-3 mRNA expression, we examined its expression by qPCR. Analysis of Bmp-3 mRNA expression revealed a significant time-dependent decrease in expression in Pro291fsinsC-HNF1A cells, evident from 8 h onward (Fig. 2A) . In contrast, INS-1 cells inducibly expressing WT-HNF1A cells showed a time-dependent increase in Bmp-3 gene expression (Fig. 2B) . Down-regulation of Bmp-3 mRNA expression was also observed in INS-1 cells expressing the artificial dominant negative HNF1A mutant (SM6) (Fig. 2C) .
We next investigated the specificity of Bmp-3 down-regulation compared with other members of the TGF-␤ superfamily. Several members of the TGF-␤ superfamily, including receptors and downstream signal transducers, were present on the chip and remained unchanged from the Affymetrix Gene array data (Bmp-2-like, Bmp-4, Bmp-6, Bmp-7, and Bmp-type IA receptor, type III Tgf-␤ receptor gene, LTBP-3, LTBP-2, the Smads1-3, and Smads7 and 8 (Table 2) . However, because BMP-4 has previously been identified to be involved in pancreatic function (29) , it was therefore further analyzed by qPCR. Bmp-4 mRNA expression was not altered during Pro291fsinsC-HNF1A induction (Fig. 2D) . Furthermore, qPCR analysis was also performed on several members of the TGF-␤ superfamily members (Tgf-␤1, Tgf-␤2, Tgf-␤3, and activin ␤-A and activin ␤-B) and demonstrated that there was no prominent downregulation of other genes of the TGF-␤ superfamily at either 8 h or 16 h (supplemental Fig. 2) .
We also investigated BMP-3 protein levels by Western blotting in INS-1 cells inducibly expressing either Pro291fsinsC-HNF1A or WT-HNF1A. BMP-3 protein expression was significantly reduced upon induction of Pro291fsinsC-HNF1A mutant at 8, 16, and 24 h compared with non-induced controls with expression virtually absent at 48 h (Fig. 2E) . Expression of WT-HNF1A resulted in increased expression of BMP-3 protein (Fig. 2F) . These data suggested that BMP-3 expression was controlled by HNF1A.
HNF1A Represses Bmp-3 Promoter Activity in INS-1 Cells Inducibily Expressing the Pro291fsinsC-HNF1A Mutation-We
next investigated whether the HNF1A mutant directly reduced Bmp-3 promoter activity. A 2-kb fragment of Bmp-3 sequence 5Ј to the transcription initiation site was identified by the ENSEMBL database and cloned into the pGL3 basic vector. To assess the effects of HNF1A expression on the activity of the Bmp-3 promoter we transfected WT-HNF1A and Pro291fsinsC-HNF1 INS-1 cells with the promoter construct and monitored the relative luciferase expression levels following induction for 24 and 48 h. Luciferase activity assays demonstrated that WT-HNF1A significantly increased the trans-activation of the Bmp-3 promoter (Fig. 3A) , whereas the induction of the Pro291fsinsC-HNF1A mutation decreased the trans-activation of the Bmp-3 promoter compared with non-induced controls (Fig. 3B) . To investigate whether the effects of HNF1A on the Bmp-3 promoter were mediated via direct binding to the promoter we first examined the putative promoter sequence for HNF1A binding sites. Using the ALGGEN Promo database, we identified a potential HNF1A binding site in the Bmp-3 promoter fragment (Fig. 3C) . To assess whether HNF1A could bind within this region we performed ChIP experiments using an HNF1A antibody or an IgG isotype control. As demonstrated in Fig. 3C , amplification of a region encompassing the identified HNF1A binding site was evident in WT-HNF1A overexpressing cells but not in non-induced or IgG controls (Fig. 3D) . Taken together, these data suggest that HNF1A can bind the Bmp3 promoter directly. 
BMP-3 Is Expressed in Beta Cells in Mouse Pancreas and Stimulates Insulin Expression in INS-1 Cells and Beta Cells-
Because a physiological role for BMP-3 in the pancreas has not yet been described, we next investigated whether BMP-3 and insulin were co-expressed in beta cells in vivo. Therefore, we performed immunohistochemistry on pancreatic tissue from rat insulin promoter DN-HNF1A and control wild-type C57BL/6JBomTac mice (22) . The populations of beta cells immunopositive for insulin also showed prominent reactivity against BMP-3 and demonstrated a strong co-localization of BMP-3 and insulin in the islets from wild-type mice (Fig.  4A) . In contrast, DN-HNF1A islets showed significantly reduced expression of BMP-3 in islet cells (Fig. 4) . Moreover, reduced expression of BMP-3 correlated with reduced levels of insulin expression.
Control experiments demonstrated the expression of the canonical BMP receptors, BMP-R2 and ALK-4, in INS-1 cells (see Fig. 6 , B and C). Next we explored the possibility that BMP-3 was involved in the regulation of insulin expression. The TGF-␤ type I/activin-receptor like serine/threonine kinase (ALK) signaling pathways initiate the ligand-induced phosphorylation of the receptor-SMAD proteins in their C termini (10) . The canonical activation pathway of SMADs 1, 5, and 8 involves phosphorylation by BMP receptors, whereas SMAD2 and 3 are activated by TGF-␤s, activins and BMP-3, respectively (30, 31) . Indeed, treatment of parental INS-1 cells with 10 ng/ml of recombinant BMP-3 showed an increase in the C-terminal phosphorylation of SMAD2/3 (Fig. 5A) . In contrast, treatment of parental INS-1 cells with 10 ng/ml recombinant human BMP-4 did not show any increased phosphorylation of SMAD2/3 (Fig. 5B ), but instead increased the phosphorylation of SMAD1/5/8 (Fig. 5C ), demonstrating the specificity of the BMP-3/SMAD2 response. Treatment of parental INS-1 cells with rBMP-3 potently increased insulin protein (Fig. 5D ) and gene expression (Fig. 5E) . Furthermore, murine organotypic pancreatic slice cultures treated with rBMP-3 for 24 h had significantly increased insulin immunofluorescence compared with control treated slices (Fig. 5, F and G) .
Treatment with Recombinant BMP-3 Reverses the Pro291fsinsC-HNF1A-induced Decrease in Insulin Expression-
We next determined whether exogenous BMP-3 could reverse the Pro291fsinsC-HNF1A-induced decrease in insulin gene expression previously observed in INS-1 cells (32) . Western blotting experiments revealed a prominent down-regulation in the levels of phosphorylated SMAD2/3 upon induction of the mutant (Fig. 6A) , demonstrating that indeed signaling through SMAD2 was significantly disturbed after the induction of Pro291fsinsC-HNF1A. In contrast, we found no evidence for a down-regulation of BMP-R2 (Fig. 6B) or ALK-4 protein levels (Fig. 6C) . Next, Pro291fsinsC INS-1 cells were simultaneously treated with doxycycline and 10 ng/ml rBMP-3 for 24 h. Treatment of INS-1 cells inducibly expressing the Pro291fsinsC-HNF1A or DN-HNF1A mutant with 10 ng/ml rBMP-3 was sufficient to prevent the decrease in insulin gene expression (Fig. 6, D and E) . In agreement with these data, the C-terminal phosphorylation of SMAD2/3 was significantly increased in Pro291fsinsC-HNF1A-expressing cells after treatment with 10 ng/ml rBMP-3 (Fig. 6F) .
DISCUSSION
The present study demonstrates several important findings contributing to the understanding of mutant HNF1A-induced defects in the expression of genes involved in tissue differentiation and homeostasis. These include (i) the inducible expression of the common, frameshift mutation, Pro291fsinsC-HNF1A leads to the potent down-regulation A, paraffin-embedded pancreatic sections from 3-month-old wild-type C57BL/6JBomTac control mice and rat insulin promoter DN-HNF1A transgenic mice were double stained using antibodies against BMP-3 and insulin. Primary antibodies were recognized by secondary antibodies coupled to Alexa Fluor 568 (red) for BMP-3 and to FITC (green) for insulin, respectively. Cell nuclei were stained with DAPI. Confocal images were taken using 1-m-thick optical section. Scale bar, 50 m. In islets derived from WT animals the average pixel intensity of the BMP-3 fluorescence was significantly higher than in transgenic mice (TG). Data are represented as means Ϯ S.E. (error bars); * p Ͻ ϭ 0.05, Mann-Whitney U test; n ϭ 39 (WT) and 35 (TG) pooled from three separate animals. Given the importance of beta cell dysfunction in HNF1A-MODY, we utilized high density oligonucleotide microarrays and real-time qPCR techniques to carry out an unbiased analysis of HNF1A-induced defects in the expression of novel genes involved in beta cell function, differentiation, and regeneration. Interestingly, this Genechip array, in combination with dCHIP software, identified several known and multiple putative novel HNF1A target genes down-regulated in INS-1 cells inducibly expressing the Pro291fsinsC-HNF1A mutant. We also found several genes to be significantly up-regulated in response to Pro291fsinsC-HNF1A induction, which could be a result of compensatory or complex gene regulation. Among the genes identified, we found a significant effect of the HNF1A mutant on the expression of Bmp-3. Subsequent qPCR analyses suggested Bmp-3 to be a novel HNF1A target gene. To understand the regulation of expression of Bmp-3, we cloned and sequenced a 2.0-kb promoter fragment of the Bmp-3 gene 5Ј to the transcription initiation site which was identified using the ENSEMBL database. Notably, Dual Luciferase Reporter assay experiments showed that induction of the Pro291fsinsC-HNF1A frameshift mutation decreased the transcriptional activity of the Bmp-3 promoter significantly compared with non-induced controls, suggesting that the BMP-3 cytokine is a direct transcriptional target of physiological HNF1A activity. Indeed, we could demonstrate enriched binding of HNF1A to a region within the Bmp-3 promoter with a potential HNF1A binding site.
BMP-3 Controls Insulin Gene Expression
BMP-3 and other members of the TGF-␤ superfamily mediate gene expression in diverse cell types and are involved in a wide range of biological functions in the pancreas, including cell proliferation, differentiation, neogenesis, and apoptosis (9, 10, 33) . BMP-3 was originally thought to be a trophic factor required for bone growth because of its ability to induce bone and cartilage development (34) . However, subsequent gene targeting studies revealed that BMP-3 is indeed antiosteogenic, but plays an instructive role during early pancreatic development (35, 36) . Activated TGF-␤ superfamily members signal via dual type II and type I transmembrane/activin-like kinase serine/threonine kinase receptors and effector SMAD transcription factors (9, 10) . Ligand binding and subsequent receptor activation lead to the phosphorylation and activation of SMADs which translocate to the nucleus and regulate the transcription of target genes. The ligand-specific SMADs, SMAD1, SMAD2, SMAD3, and SMAD5, are phosphorylated by activated type I TGF-␤ receptors. SMAD1 and SMAD5 are specific for all members of the BMP family of proteins except BMP-3. BMP-3 signals through phosphorylation of the SMADs2/3, similar to TGF-␤s and activins (30, 31) . It has been reported previously that TGF-␤1 promotes the development of endocrine cells such as insulin-containing beta cells (37) and that activin receptor inactivation in pancreatic beta cells leads to the development of diabetes (12, 38) . We here demonstrate a significant disturbance of BMP-3/SMAD2 signaling axis in response to the expression of Pro291fsinsC-HNF1A, which . Anti-␤-actin immunoreactivity served as loading control. E, parental INS-1 cells were precultured in reduced serum overnight and treated with 10 ng/ml rBMP-3 for 10, 30, and 120 min in 0.05% serum medium with 6 mM glucose. After treatment, mRNA expression of insulin gene was analyzed by realtime qPCR. Expression levels were normalized to controls. Data are represented as means Ϯ S.E. (error bars) from n ϭ 3 cultures.*, p Ͻ 0.05 different from controls. F and G, mouse organotypic pancreatic slice cultures were incubated for 24 h with 50 ng/ml rBMP-3 or vehicle and stained with anti-insulin antibody (green); nuclei were counterstained with Hoechst (blue). Quantification of insulin immunofluorescence staining intensity was evaluated from confocal stacks of 20 islets per treatment in three independent experiments. Islets treated with rBMP-3 show significant higher levels of peripheral insulin staining. Data are represented as mean Ϯ S.E., and statistical analysis was carried out using the Mann-Whitney U test. *, p Ͻ 0.05 compared non-treated controls. Scale bar, 50 m.
was reversed upon reintroduction of BMP-3. It is therefore conceivable that signaling through SMAD2 and SMAD3 is of vital importance for differentiation and maintenance of beta cell function. In support of these data, previous work has demonstrated that the conditional, pancreas-specific expression of the inhibitory SMAD7 protein, which inhibits TGF-␤, activin, and BMP signaling, induces a reversible diabetic phenotype in mice (39, 40) .
In contrast to BMP-3, we found little evidence for a dysregulation of other TGF-␤ superfamily members after induction of the Pro291fsinsC-HNF1A mutation, including BMP-4. An important role for BMP-4 and its receptor BMPR1a in beta cell function has been demonstrated previously (29) . Using gene targeting approaches, mice with diminished BMP-4/BMPR1A signaling in beta cells showed decreased expression of genes involved in insulin production and release, glucose sensing, and secretion-stimulus coupling, as well as incretin signaling. These mice eventually developed diabetes due to impaired insulin secretion. Our data suggested that in the context of HNF1A-MODY and defective HNF1A signaling, BMP-3 signaling rather than BMP-4-induced pathways appears to be primarily disturbed.
Of note, further experiments demonstrated that BMP-3 was sufficient to activate insulin expression in INS-1 cells as well as in pancreatic islets. Treatment with BMP-3 also reversed the decrease in insulin expression after Pro291fsinsC-HNF1A induction, suggesting that repression of the Bmp-3 promoter led to the subsequent disturbance of insulin mRNA and protein expression. However, it should also be stated that the insulin gene promoter has direct HNF1A binding sites (17) which contribute to the decrease in insulin gene expression in response to Pro291fsinsC-HNF1A induction. Indeed, the insulin gene promoter is subject to a complex transcriptional regulation (41) , and further work is necessary to determine the possible interaction between promoter elements and BMP-3/SMAD2 signaling in the regulation of insulin gene transcription.
In conclusion, our studies suggest a critical link between HNF1A-MODY-induced alterations in gene expression and growth factors of the TGF-␤ superfamily that control tissue differentiation and gene expression. We further propose that the BMP-3/SMAD2 pathway may play a role in regulating beta cell function and may hence present a new therapeutic target for the treatment of HNF1A-MODY or type 2 diabetes. 
